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Abstract 
The characteristics during pyrolysis of cassava rhizome utilizing flue gas in a metal kiln have been studied 
experimentally. The pyrolysis parameters being studied include sample size, pyrolysis temperature and moisture 
content of the sample. The pyrolysis experiment include the dry and fresh cassava rhizome cylinders with 36, 40 and 
44 mm. in diameter and the pyrolysis temperature varied from 400 to 500oC. The experimental result showed that the 
temperature distribution is caused by heat transfer from the surface to the inner cassava rhizome on both the radial 
and axial directions. The effect of the wood diameter and pyrolysis temperature affected the mass loss rate and the 
pyrolysis time. The large wood diameter caused lower mass loss rate and the pyrolysis time was longer. The higher 
temperature caused higher mass loss rate and shorter pyrolysis time. Fresh material need to be dried before pyrolysis 
can begin and more time is needed for the process. It was found that higher moisture in the fresh material yield more 
charcoal than that dry ones. In comparison between the experimental and the thermal gravimetric analysis (TGA) 
both mass loss during the process starting time are different. The mass loss of the pyrolysis by flue gas  are more 
rapid when compared to the pyrolysis by TGA due to the effect on flue gas. In the experiment, the charcoal yield for 
the dry material varied from 26 to 35% depending on the pyrolysis temperature. It was found that the higher 
temperature caused lower the charcoal yield. 
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1. Introduction 
Presently, the shortage of the energy leads to increasing in cost of all kinds of fuel. Some products 
obtaining from burning fossil fuel are the cause of greenhouse effect, which result in the global warming 
phenomenon. Additionally, this effect also causes violent natural disasters. The alternative energy 
sources, therefore, should be replacing the fossil fuel and natural gas.  Some of energy sources, which is 
of less interest, is the energy from the agricultural waste or waste biomass i.e. rice husk, straw, corn cobs, 
cassava stems, cassava rhizomes etc. Each year, a large amount of the agricultural waste is comparable to 
million liters of petroleum: cassava rhizomes and stems have been left about 3.4 million tons per year that 
is equivalent to 450 million liters of fuel oil [1]. In Thailand, the planted area of the cassava is about 
11,840 km2, which was surveyed by the Office of Agricultural Economics in year 2000 [2]. Furthermore, 
the application of residue or waste biomass is less utilized due to a lot of smoke from direct combustion 
and stains of the tar gum sticking to the equipment. Usually, most farmers burn the waste biomass in 
preparation for the new planting season leading to a lot of smoke and dust in the atmosphere. Especially, 
the carbon dioxide that is the product of burning waste biomass causes the global warming problem. In 
comparison between the charcoal and the raw wood, it is found that the use of charcoal is preffered due to 
the easier transportation and storage, and cause less smoke. Therefore, the charcoal from the agricultural 
residues is available as alternative energy. 
The product of decomposition of the compound in biomass using only heat (without oxygen), which 
has been known as pyrolysis, consists of gas, oil and charcoal. Currently, there are two types of charcoal 
production: directly burning in furnace type (or charcoal kiln) and external heat supply through the 
furnace’s wall type that is called retort furnace. For a charcoal kiln, a part of wood is burned within the 
kiln to generate heat for the charcoal production leading to low yield. However, the charcoal yield from 
the retort furnace, is higher and cleaner than that from the first one [3].  
J.C. Adam [4] proposed the 3 m3 furnace that contained 750 kg of 15-20% moisture wood and 
external burning gas which was used for supplying heat into the furnace. The results showed that the 
efficiency of furnace was about 30-42% and the production time decreased from 4-7 days into 10-12 
hours. 
K. N. Patal et al.[5] have developed the 100 kg/day rate furnace by using dry wood. The gas product 
from the pyrolysis was returned to burn in the furnace for accelerating the speed of pyrolysis process 
leading to take only 3 hours for charcoal production, which obtained charcoal yield of 28-47%. 
J. Larfeldt [6] has studied the temperature distribution within the dried birch wood of 50 mm in 
diameter and 300 mm in length, which used the electrical heater in the inert gas reactor at 700oC. His 
result revealed that the pyrolysis time was 860 s and the thermal diffusivity of the dry wood was 0.2 
mm2/s. The pyrolysis of cassava rhizome using the flue gas in the laboratory scale of metal kiln is the 
main aim of the present research. The heat and mass transfer during the pyrolysis have been studied. The 
pyrolysis parameters being studied include sample size, pyrolysis temperature and moisture content of the 
sample to obtain the maximum of charcoal yield which is also investigated. 
 
2. Experimental Apparatus and Procedures 
 
2.1 Characteristics of Materials 
 
The dried and the fresh cassava rhizomes (up to 40%(wb) moisture content) were prepared as the 
examined materials of the present study. The cassava rhizome were prepared at diameters of 36, 40 and 
44 mm respectively, and length of 120 mm. In order to insert the type-K thermocouple, for measuring the 
radial temperature distribution, each specimen was drilled with diameter of 2.3 mm in radial positions at 
0, 4, 8, 12 and 16 mm, respectively, and axial position at 60 mm  (or x = 60 mm). 
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Fig. 1. The coordinate system of examined material. 
 
2.2 The experimental setup 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic diagram of equipment and metal kiln in the laboratory scale: (1) Metal kilns; (2) Material; (3)Thermocouple; (4) 
Data logger; (5) Digital scale; (6) Chimney; (7) Burner. 
  
A metal kiln was constructed by circular steel pipe of 2 mm thick, 150 mm diameter and 300 mm 
length and covered with thermal insulator. The examined cassava rhizome including the type-K 
thermocouples at measuring location was contained inside the kiln. At the rear flange of the kiln, 5 holes 
of 2.3 mm diameter were drilled in order to insert the thermocouples to measure the temperatures at the 
center, radius of 4, 8, 12 and 16 mm, respectively, of the sample material. The 35 mm diameter pipes 
were installed at 30 mm below the center of the kiln on both side of front and rear of the kiln, which were 
used as supplying the flue gas and exhaust, respectively, as shown in Fig.1. The kiln, however, was 
placed on the 0.01g precision digital scale for measuring the weight change during experiment. 
 
2.3 The experimental procedure 
  
The experimental procedures follow: 
1) Install the thermocouples on the examined cassava rhizome and the metal kiln, connect the signal 
wire to the digital data logger, and record the data every minute. 
2) Weigh the equipment and raw material, and record every minute. 
3) Experiment at the stagnant air to prevent the effect of air flow on the weight. 
4) Start the experiment by controlling the constant pressure of LPG by adjusting the opening valve to 
control the volume flow rate and burn flame at the burner. 
5) Feed the hot gas from the burner into the kiln, record the temperature and the weight continuously. 
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6) Consider the smoke at the chimney until fading out and the temperature inside the kiln and the 
examined material which are similar, and then stop of the experiment. 
7) Shut off the gas to the burner and close the inlet and exit port of the kiln in order to prevent the 
leaking air. 
8) Wait until the decreasing temperatures reach the room temperature, measure the weight, length and 
diameter of charcoal. 
9) Evaluate the charcoal yields. 
10) Plot the graph of the temperatures and weight. 
11) Analyse the results. 
 
3. Results and Discussion 
 
3.1 Analysis of heat transfer 
 
Figures 3-5 indicate the relation of the temperature within the cassava rhizome as well as the 
temperature within the metal kiln and the pyrolysis time. The temperatures are the same tendency, namely 
the heat transfer starting at outer surface and slightly transfer into the center of the examined material. 
Obviously, the internal temperature of cassava rhizome increases and closes to the kiln’s temperature 
from the surface to the center of the material. Starting of the pyrolysis at about 250oC, the amount of 
smoke is dilute. At higher than 300oC, the smoke increases. Later, the smoke is very dense. Moreover, all 
temperatures within the examined cassava rhizome are almost the same but higher than that of the kiln’s 
temperature owing to the exothermic reaction, which occurred by itself without external heat of materials. 
After 3-5 minutes of the temperature within the cassava rhizome is constant, which indicates that the 
pyrolysis is complete. Thus, the entire cassava rhizome has been become the charcoal. The complete 
pyrolysis also has been observed from the fading of smoke at chimney. 
 
Fig. 3. The temperatures and the pyrolysis time within   a 36 mm diameter and 120 mm length of a dry cassava rhizome at 
measurement position x = 60 mm and r = 0, 4, 8, 12 and 16 mm.  
 
Figure 3 shows the relationship between the temperatures and the pyrolysis time within a 36 mm 
diameter, 120 mm length and 48.18g mass of a dried cassava rhizome at axial measurement position x = 
60 mm and radial position r = 0, 4, 8, 12 and 16 mm, respectively. Considering the kiln’s temperature, it 
0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
0 5 10 15 20 25 30
Time(min) 
T
em
pe
ra
tu
re
(o C
) 
r= 0 mm 
r= 4 mm 
r= 8 mm 
r= 12 mm 
Kiln 
x=60mm 
268   Karan Homchat and Thawan Sucharitakul /  Energy Procedia  9 ( 2011 )  264 – 273 
rapidly increases at the first minute and slightly increases until the end of the pyrolysis process. 
Obviously, the temperatures within the examined material slightly increase with the pyrolysis time of the 
first 12 minutes and then raises until higher than the temperature of the kiln (about 414oC) at the end due 
to the exothermic phenomena. At the end of pyrolysis, thus the pyrolysis time is 22 minutes and 
maximum temperature of the kiln is 414oC. 
 
 
Fig. 4. The temperatures and the pyrolysis time within   a 44 mm diameter and 120 mm length of a dry cassava rhizome. 
 
Figure 4 indicates the relationship between the temperatures and the pyrolysis time within a 44 mm 
diameter, 120 mm length and 75.25g mass of a dried cassava rhizome at axial measurement position x = 
60 mm and radial position r = 0, 4, 8, 12 and 16 mm, respectively. The temperature in the kiln is the same 
tendency as the previous case. The temperature at the center of the cylindrical examined cassava rhizome 
slightly increases during the first 20 minutes and extremely increases until the end of pyrolysis. The 
temperature near the surface (r=16 mm), however, linearly increases with time until the end of the 
pyrolysis at the 27 minute. That is the maximum temperature of kiln at 420oC. 
Figure 5 presents the relationship between the temperatures and the pyrolysis time within a 40 mm 
diameter, 120 mm length and 60.57g weight of a dried cassava rhizome at the same measurement position 
as the previous case. The maximum temperature of the kiln is 420oC and the pyrolysis time is 22 minutes.  
 
Fig. 5. The temperatures and the pyrolysis time within a 40 mm diameter and 120 mm length of a dry cassava rhizome. 
 
Figure 6 illustrates the relationship between the temperatures and the pyrolysis time within a 40 mm 
diameter, 120 mm length and 62.15 g weight of a dried cassava rhizome where the kiln temperature is up 
to 500oC. The temperatures within the examined material slightly close to the temperature inside the 
metal kiln at a time near the complete pyrolysis. Obviously, at the same time that is near the complete 
pyrolysis the last temperatures within the examined material are different to the previous case, due to the 
kiln temperature is higher than those of the previous case. The measurement results reveal the pyrolysis 
time is 19 minutes. 
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Fig. 6. The temperatures and the pyrolysis time within a 40 mm diameter and 120 mm length of a cassava rhizome where the kiln 
temperature up to 500oC. 
 
Fig. 7. The temperatures and the pyrolysis time within a 42 mm and 110 mm length cassava rhizome at radial position r = 12 mm 
and various axial position. 
 
Figure 7 illustrates the relationship between the temperatures and the pyrolysis time of a 42 mm 
diameter, 110 mm length and 63.15g weight. Four measurement locations within the material are at 
constant radial level r = 12 mm and varying axial position x = 25, 35, 45 and 55 mm (at a half of length), 
respectively. The measurement result indicates that the temperature at position x = 25 mm increases with 
the pyrolysis time but the temperature change slowly until reach at maximum temperature. At this 
measurement position, obviously that the tendency of temperature is the same as in the metal kiln. At x = 
35, 45 and 55 mm along the axial position, the temperatures slowly increase at the first 30 minutes and 
then quickly increase until reach the maximum pyrolysis temperature. For this case, the pyrolysis time is 
38 minutes and maximum temperature in the kiln is 400oC. Figure 8 indicates the temperatures with the 
fresh cassava rhizome, which relates the pyrolysis time, at fixed axial position x = 60 mm and varying 
radial positions r = 0, 4, 8, 12 and 16 mm, respectively. In addition, the temperature in the metal kiln was 
also measured. The examined material used a fresh cassava rhizome of 28.99%(wb) moisture content and 
61.08 g of weight, which has the same size as the case described on Figure 5: 40 mm diameter and 120 
mm length. The tendency of the pyrolysis temperatures are the same as the previous case of the dried 
cassava rhizome as shown in figures 3-5. The pyrolysis temperature at nearly complete pyrolysis is a little 
lower than the kiln temperature that is different from the case of the dried material, which is a little 
higher. The obtained result shows that the pyrolysis time is 27 minutes and the maximum temperature 
within the metal kiln  is 459oC. Obviously, the pyrolysis time is the same as the case as presented on 
fig.5; however, the kiln temperature in the current case is higher. Furthermore, at the same temperature of 
the kiln, the pyrolysis time of the fresh cassava rhizome is higher than that of the dried cassava rhizome, 
which has the same size. 
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Fig. 8 The temperatures and the pyrolysis time within a 40 mm diameter, 120 mm length and 61.08g weight of a fresh cassava 
rhizome.  
 
From all of the experimental data, there are the heats transfers on both of the radial and axial direction 
of the cylindrical examined material. The mathematical models, therefore, have to consider both 
directions. The temperature of the metal kiln is effective to the pyrolysis time and the charcoal yield. At 
low temperature, the pyrolysis time is longer. However the charcoal yield is high. The pyrolysis time 
increases with the size, the total weight and the percentage of moisture content of the materials.  
 
3.2 Analysis of mass loss 
 
Figure 9 comparatively shows the relationship between the mass loss and the pyrolysis time of the 
cassava rhizome in four experimental cases: first, the case of a dried cassava rhizome of 36 mm diameter; 
second, the case of a dried cassava rhizome of 44 mm diameter; third, the case of two dried cassava 
rhizomes of 40 mm diameter; finally, the case of a dried cassava rhizome of 40 mm diameter and the 
temperature in the metal kiln is 500oC. In the case 1-3, the pyrolysis temperature is quite the same at 
420oC. Considering Fig. 9, the mass loss decreases with increasing time. At first 12 minutes, the mass 
loss slightly decreases due to the temperature within the cylindrical cassava rhizome is lower than 250oC 
leading to the pyrolysis only at the surface. After that, the temperature within the examined material 
raises leading to the pyrolysis that occurs from the surface to the center, the mass loss rapidly increases 
until the mass is constant. As the temperature within the material is almost constant, it reveals that the 
pyrolysis is nearly complete. The pyrolysis time depends on the size and the mass of materials leading to 
the different pyrolysis time in the 1st, 2nd and 3rd cases. Clearly, at the same temperature in the kiln that is 
sufficient for the pyrolysis, the size is more effective to the pyrolysis time than the weight of material. 
The size of material in the 4th case is larger than the 1st case but the pyrolysis time is shorter owing to the 
higher temperature of the kiln leading to increasing on the mass loss rate. 
 
Fig. 9. The mass loss and the pyrolysis time of the cassava rhizome. 
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Fig. 10. Percentage of the mass loss and the pyrolysis time of the cassava rhizome. 
 
Figure 10 comparatively shows percentage of the mass loss of cassava rhizome, which the diameter 
are  36 , 40 and 44 mm. respectively. After the first 4 minutes, the temperature increases rapidly leading 
to rapidly increasing in the mass loss until constant.  
Figure 11 shows the mass loss of powder cassava rhizome on the thermal gravimetric analysis (TGA) 
at heating rate, i.e., 12, 15 and 20oC/min respectively. During the first 12 minutes, the temperature 
increases slowly leading to lower mass loss rate, and then the mass loss rate are rapidly increased 
particular in the temperature range of 250-400oC. Obviously, after starting of the pyrolysis until the end, 
the pyrolysis time are very short due to the size of examined material are very small. In comparison 
between Fig. 10 and Fig. 11, the starting time of the pyrolysis are different. The starting time of the mass 
loss of the pyrolysis by using flue gas (Fig. 10) is more rapid than the pyrolysis by TGA (Fig. 11) due to 
the effect of flue gas. Considering the pyroislysis by TGA, the pyrolysis time is very short due to the very 
small size of the materials as shown in Fig. 11. For instance, in the case of heating rate 20oC/min, the 
pyrolysis time is about 8 minutes. The results also show that the pyrolysis time and the charcoal yield 
decrease with increasing the heating rate. 
 
 
Fig. 11. Percentage of the mass loss and the pyrolysis time of the cassava rhizome on the Thermal Gravimetric Analysis (TGA). 
 
3.3 The charcoal yield 
 
The moisture content is defined as 
 
 w/)dw(Mw   (1)
  
 d/)dw(Md     (2) 
 
Where Mw and Md are wet and dry basic moisture content, respectively, w is mass of the fresh material 
(kg) and d is the mass of dried material (kg). 
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The charcoal yield (ychar) can be obtained by 
  
 %)m/m(y biocharchar 100u   (3)
  
Where mchar is the mass of dried charcoal (kg) and mbio is the mass of the dried biomass supplying to the 
kiln (kg). 
The charcoal yields of the dried and fresh cassava rhizome using the pyrolysis are explained in     
Table 1. The results show that the charcoal yield obtained from the dried cassava rhizome is 26-35%, 
while the charcoal yield from the fresh cassava rhizome (28.99% moisture content) is 40%.  Obviously, 
the charcoal yield obtained from the fresh material is higher than that of the dried one due to effect of 
moisture content. Furthermore, at the high temperature of kiln, the charcoal yield is lower than the low 
temperature. 
 
Table 1. The charcoal yields from the pyrolysis of the cassava rhizome. 
 
Materials 
(Cassava 
rhizome) 
Mass  
(g) 
1Max. 
temp 
(oC) 
Pyrolysis 
time  
(min) 
Charcoal yield 
Mass (g) ychar 
 (%) 
Dried 
cassava 
rhizome 
48.18 414 22 14.95 31.029 
75.25 420 29 22.07 29.33 
60.57 420 27 19.82 32.72 
115.69 420 31 34.63 29.93 
62.61 500 19 16.22 26.22 
63.15 400 38 22.23 35.20 
2Fresh CR 
(28.99% 
wb) 
61.08 459 28 17.71 40.83 
 
                                                                     1 Maximum temperature in the metal kiln 
                                                                     2 CR is cassava rhizome 
 
4. Conclusions 
 
The pyrolysis of cylindrical cassava rhizome using the small metal kiln supplied with flue gas, the 
heat transfer slightly occurs from the outer surface into the center of the examined material both radial 
and axial directions. The size of the material and the pyrolysis temperature are effective to the rate of 
mass loss and the pyrolysis time. The results show that the larger material has lower mass loss rate 
leading to using longer pyrolysis time. At high pyrolysis temperature, the rate of mass loss is high 
resulting in shorter pyrolysis time and lower charcoal yield. In the case of fresh cassava rhizome, the 
pyrolysis time is longer because of the drying  process before pyrolysis. The present experimental results 
indicate that the obtaining charcoal yield of dried cassava rhizome is 26-35%, while the obtaining 
charcoal yield of the fresh material of 28.99% (wb) moisture content is 40% that is higher than those the 
dried cassava rhizome. 
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